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FOREWORD 


This  revision  of  thermochemical  additive  constants  and 
equations  for  calculating  them  was  performed  under  Bureau  of 
Ordnance  Task  Assignment  RPF-B2d~02“15“54o  It  is  part  of  a 
program  to  keep  methods  of  calculating  thermochemical  prop¬ 
erties  of  propellants  up  to  date.  Values  of  constants  are 
published  with  the  reservation  that  they  may  be  modified  by 
future  voric  &:d  new  data  in  the  literature.  The  data  are  as 
of  1  April  19 1 5. 


W.  C.  Cagle 
Head,  Chemical 
Physics  Division 


Approved  by: 


Sol  Skolnik 

Director,  Research  and 
Develops  nt  Department 


Released  by: 


Georgo  Go  ling 
captain,  u:. navy 
Commanding  Officer 
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ABSTRACT 


The  equations  for  the  calculation  of  the  thermochemical 
additive  constants  of  propellant  ingredients,  originally  pre¬ 
sented  by  Hirr.chfelder  and  Sherman  in  1942,  are  revised  to 
accommodate  the  later  thermochenical  data  of  combustion  prod¬ 
ucts  and  ingredients.  The  new  constants,  which  are  for  the 
terms  energy  released  (E)„  mean  heat  capacity  (Cy),  and 
number  of  moles  of  gas  (n),  were  calculated  and  are  tabulated 
for  a  number  of  the  most  used  ingredients.  Separate  unique 
consideration  is  given  for  potassium  sulfate  and  for  basic 
lead  carbonate,  resulting  in  larger  differences  in  constant. 3 
than  are  obta  ned  for  the  generalized  treatment  of  organic 
ingredients. 
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REVISION  OF  .IDDITIVE  CONSTANTS  FOR  THE  SIMPLE  CALCULATION 
OF  TBEHMOCHEKICAL  PROPERTIES  FOR  USE  IN  BALLISTICS 


In  1942  Hirschfelder  and  Sherman^  presented  a 
method  for  the  simplified  calculation  of  thermochemical  prop¬ 
erties  for  propellants  by  means  of  additive  constants.  Since 
then  there  ha'Te  been  a  number  of  changes  in  the  values  of  the 
thermocheoical  data  used  for  these  calculations.  It  is  the 
purpose  of  this  report  to  tabulate  the  newer  data,  to  revise 
the  equations  for  the  additive  constants  on  the  basis  of  these 
data,  and  to  calculate  new  constants  for  some  of  the  most  used 
ingredients.  The  revisions  have  been  made  following  the  pro¬ 
cedures  given  by  Hirschfeld«r  and  Sherman. 

DATA 

Experime ita  I  data  were  obtained  from  as  many  sources  as 
were  available  to  the  authors.  Reasonable  estimates  were 
made  when  no  data  could  be  found.  Changes  from  previous  data 
involved  the  energy  of  forme tion  at  0°  R  of  carbon  monoxide 
and  carbon  dioxide,  the  heat  capacity  of  graphite  and  vater(g)f 
and  correctioi  of  molar  properties  to  conform  with  the  latest 
international  atomic  weight  fo’’  carbon,  i.e.,  12.011,^5) 

Values  for  the  heat  capacities  of  hydrogen,  nitrogen,  carbon 
dioxide,  and  earbon  monoxide  had  also  changed  slightly.  Tie 


re 


£  A  t 


1 


MR  104 


data  used  for  the  calculation  of  the  equations  for  the  con¬ 
stants  are  gi^en  in  Table  I0  The  thermochemical  and  molecular 
data  for  ingredients  are  given  in  Table  II„  The  atomic  com¬ 
position  data  for  ingredients  are  given  in  Table  III. 

REVISED  EQUATIONS 

The  revised  equations  for  the  calculation  of  the  addi¬ 
tive  constant'.;  E^  and  Cy^  are  as  follows: 

F,.«  Vi  1),  38966Cj  6252H;  520730;  6721N; 

Cy  *  1  3030;  ‘  3.25411;  v  5  0080;  *  3  382i\; 

For  an  alternative  equation  may  be  used 

E;  *  KC  -  133018C;  -  4001911;  *  520730;  -  6'721N; 

The  equation  for  n^  remains  the  same,  i.e„, 

n;  -  q  ♦  1/2H;  *  1/'2N; 

El,  C7^,  and  iij  are  the  additive  constants  for  energy  re¬ 
leased,  mean  heat  capacity,  and  number  of  moles  of  gas  for 
ingredient  i,  respectively,  C^,  Hj_,  0*,  and  N*  are  the  num¬ 
ber  of  gram-a.oms  of  the  elements  per  gram  of  ingredient  i„ 
E(l)j  is  the  negative  of  the  energy  of  formation  at  15°  C 

(288„l6°  K)  of  the  ingredient  in  cal/gram  i„e.p  ^^(15°  C) 

M 

where  Ae  is  tlie  molar  quantity  and  M  is  the  molecular  weight, 
H.  C„  is  the  .heat  of  combustion  of  the  ingredient  in  calories 
per  gram  at  lj>°  C  for  liquid-water  product  and  constant  vol¬ 
ume,  These  equations  are  only  changed  in  the  values  of  the 


2-Hitrodlphfinylajnine  512H1002H2  214.228  17.819^  21.911  -102.3  64.2682/ 

Nitroglycerin  03^0^3  227.097  -89. 123s/  -84.285  371.1  68.132/ 

Nitroguanidine  CH402N4  104.075  -22.14^  -19. 260  185*1  35.014 

See  footnotes  at  end  of  table' 
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numerical  coefficients  and  hare  been  arrived  at  by  adherence 
to  the  method:)  and  procedures  of  Hirschfelder  and  Sherman.^ 

CALCULATED  ADDITIVE  CONSTANTS  FOR  SELECTED 
PROPELLANT  INGREDIENTS 

The  additive  constants  Ej.,  Cy^,  and  have  been  calcu¬ 
lated  from  the  above  equations  for  a  number  of  the  most  common 
propellant  in^edients  and  are  given  in  Table  IV.  Numerous 
changes  in  energy  of  formation  of  ingredients  including  the 
nitrocelluloses  were  noted.  For  the  inorganic  salts,  basic 
lead  carbonate  and  potassium  sulfate,  the  calculations  had  to 
be  made  by  considering  the  effects  of  these  ingredients  to  be 
unique.  The  calculations  of  the  constants  for  these  salts 
are  given  in  appendix  A. 

USE  OF  ADDITIVE  CONSTANTS 

The  adiabatic  flame  temperature  and  impetus  of  a  propel¬ 
lant  are  calculated  by  means  of  equations  given  by  Hirschfelder 
and  Sherman. ^ 


rib 


These  equations  are: 
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Table  17 

THERMOCHEMICAL  ADDITIVE  CONSTANTS  FOR  PROPELLANT  INGREDIENTS 


Compound 

Ei 

°n 

ni 

Butyl  stearate 

-3726., 

.5675 

.12919 

Dibutyl  pht halite 

-2691 „ 

.4336 

.09700 

Dioctyl  phthalite 

-3101. 

.4796 

.11010 

Diphenyl amine 

-3007. 

.3600 

.10636 

Ethyl  alcohol 

-2772. 

.6121 

.10853 

Ethyl  central! te 

-2882. 

.4013 

.10434 

Nitrocellulose^  ll.oq#  N 

-30.4 

,3528 

.0438? 

"  11,5$  N 

41.5 

.  .3496 

.04278 

n  12,0$  N 

113.2 

.3464 

.04169 

"  12, 2(#  N 

141.9 

.3451 

.04125 

"  12.6$  N 

199.1 

.3426 

.04038 

n  12.8$  N 

228.2 

.3413 

.03994 

"  13.00)3  N 

256.8 

!  .3401 

.03951 

*  13.15*  N 

273,4 

;  .3391 

.03918 

n  13.25*  N 

293.0 

.3385 

.03896 

"  13-5$  N 

329.1 

.3369 

.03842 

"  I4„l4*  13 

421,2 

.3328 

.03702 

2-Nitrodipheny.,amine 

-1949. 

.3317 

.08402 

Nitroglycerin 

951.5 

.3388 

.03032 

Nitroguanidine 

-57.4 

.3690 

.04804 

Petrolatum 

-4113. 

,6123 

.14510 

RDX 

639.0 

,3391 

.04052 

Water  (nq) 

-1552.2 

,6403 

.05551 

Basic  lead  carbonate 

-199.7 

.0910 

.0038? 

Potassium  sulfate 

-1226.5 

.2708 

-.00 574^ 

^IiSiWDwdJeS*  ia s  oih«  pos«?ateg«  ri-Wogen  niit(^«l!u!cc«a  may  b*  obtained  by 

Msecs-  iaftecpolaUoa 

=^Note  fk«J  th«  n«ga?  ■»«  is  Sioinaioisal  See  Append**  A  foa-  d«,ivMio»n 
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where  T0  is  the  adiabatic  flane  temperature  in  °K,  x^  is  the 
weight  fraction  of  the  JLth  ingredient  in  the  propellant,  f  is 
the  impetus  in  ft-lb/lb  when  R  the  gas  constant  is  2?8l.?  ft- 
lb-gram/deg-lb-mole,  and  Si^Ep,  Sc^Cy^,  and  are  the  sums 

of  the  product  of  the  weight  fraction  and  the  additive  constants 
for  all  ingredients  of  the  propellant.  In  connection  with  the 
calculation  of  these  ballistic  properties  it  is  necessary  to 
know  the  composition  of  the  propellant  including  that  of  the 
volatiles.  Usually  the  volatiles  are  determined  a3  a  total, 
and  one  must  estimate  what  they  are  composed  of  and  in  what 
weight  ratio.  Knowledge  of  the  type  of  powder  and  its  manu¬ 
facture  may  gire  one  a  basis  for  the  estimation.  The  con¬ 
ventions  used  by  the  authors,  based  on  experience  with  ether- 
alcohol  solvent-extruded  propellants,  are  given  in  Appendix  B. 
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APPENDIX  A 

CALCULATION  OF  THE  ADDITIVE  CONSTANTS  FOR  BASIC  LEAD 
CARBONATE  AND  POTASSIUM  SULFATE 

Basic  Le&d  Carbonate,  2PbC03«Fb(0H)2 
Basic  lead  carbonate  was  considered  to  contribute  to  the 
water-gas  equilibrium  and  to  contribute  liquid  metallic  lead 
in  the  form  of  fine  droplets.  Examination  of  the  critical  tem¬ 
perature  and  pressure  of  lead  indicated  that  the  most  probable 
state  under  gun  conditions  was  the  liquid.  Thus  the  calcula¬ 
tions  of  Ei  and  Cy^  had  to  allow  for  the  production  and  pres¬ 
ence  of  lead. 

Calculation  of  E^: 

S,  -  MEX1)  ♦  K(2)  ♦  E(3)  E(4) 

according  to  Hirschfelder  and  Sherman.^  In  this  case  the 
presence  of  lead  affects  only  the  values  of  >3(2)  and  E(4)„  E(l) 
was  estimated  to  be  557.5  cal/gram  from  the  data  for  beat  of 
reaction  giver  in  reference  (14). 

E(2)  is  the  energy  envolved  when  the  elements  present  are 
cooled  from  268.16 °  to  0°  K.  The  contribution  of  the  lead  in 
this  compound  to  S(2)  was  estimated  to  be  5 <>49  cal/gram. 

E(4)  is  the  energy  necessary  to  heat  the  product  gases 
(and/or  finely  divided  liquids  and  solids)  from  0°  to  2500°  K. 
The  contribution  of  lead  in  this  compound  to  E(4)  was  estimated 
to  be  68.2  cal /gram,,  and  the  contribution  to  E(2)  -  E(4)  was 
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- 62.7  cal/grara  for  t  lie  lead  in  this  compound,  This  figure  was 
then  added  to  the  value  of  Ej.  obtained  for  this  compound  on  th 
basis  of  the  regular  Ej_  equation*,  Thus: 

E;,  .  ,E(I]  38966C,  »  625211  ■>  520730f  -  62  7  "  <-  199,7  cel/grara 

Calculation  of  Cy^: 

The  assumption  was  made  that  the  fine  droplets  of  liquid 
lead  were  in  thermal  equilibrium  with  the  gas  and  therefore  a 
term  for  lead  lad  to  be  added  to  the  Cy^  equation.  Thus: 

CVj  *  1  8C3Q  -  3. 264H-  *  b  OO8O5  «  1 S  JO  Pi* 

=  39102  cal/degn  n  gjnra. 

Calculation  of  n^: 

The  fine  droplets  of  lead  were  not  considered  to  contri¬ 
bute  to  the  number  of  moles  of  gas  per  gram.  Thus: 

«C  *  1/211^ 

“  003867  rnoice/pram 

The  data  used  .n  the  above  calculations  are  listed  in  the 
various  tables  of  this  report. 

Potassium  Sulfate,  KgSO^ 

The  constants  were  previously  estimated  by  Hirschfelder 
and  Slier  nan  on  the  assumption  that,  in  guns,  potassium  sul¬ 

fate  vaporizes  as  potassium  sulfate  molecules.  It  was  felt 
that  this  treatment  was  not  a  realistic  one  when  reducing  gase 
were  present ,  A  qualitative  study  was  made  of  the  products  of 
explosion  of  a  povdr  containing  potassium  sulfate.  This 


powder  was  fired  in  a  calorimetric  bomb,  and  the  gases  were 
found  to  contain  a  considerable  quantity  of  hydrogen  sulfide. 
The  residue  left  in  the  bomb  was  dissolved  in  water  and  tested 
for  the  presence  of  sulfate  ion.  This  test  showed  a  negligible 
amount  of  sulfate  present.  From  this  experiment  it  was  felt 
that  a  more  accurate  estimate  of  the  reaction  of  potassium 
sulfate  in  a  propellant  was: 

IC'S0‘(,7.)  *  “•W - *  “Ag)  *  ”*Uiq»  * 

The  hydrogen  wculd  be  furnished  by  the  water-gas  equilibrium, 
which  would  adjust  itself  to  the  required  condition.  The  cal¬ 
culations  were  made  on  the  basis  of  the  above  assumptions  with 
the  additional  products  taken  into  consideration. 

Calculation  of  Ej: 

E(l),  the  negative  of  the  energy  of  formation  per  gran, 
was  calculated  in  a  straight-forward  manner  from  the  heat  of 
formation  and  vas  found  to  be  1959.6  cal/ gran . 

E(2) ,  the  energy  to  lower  the  temperature  of  the  elements 
from  2.880l6°to  0°  K,  was  calculated  from  the  usual  type  equa¬ 
tion, 

MX  2}  »■  1630Ka  ♦  1291^  *  713CT 
11 42  5  col/gram 

E (3)  is  the  energy  of  formation  of  the  combustion  products 

Equations  for  E(3)  were  obtained  for  the  two  extreme  cases 
(a)  no  carbon  dioxide  formed  and  (b)  no  water  formed.  These 
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The  other  concentration  expressions  remained  the  same  in  both 
cases,,  The  values  for  the  separate  cases  were  each  substi¬ 
tuted  into  the  2(3)  expression; 

E(3)  *  ''  <  tn0*CC  ^  0  ^n®^KOH 

where  8  is  the  energy  of  formation  at  0°  K  of  the  various 
product  compounds  as  given  in  Table  I  and  Table  V.  Thus  two 
expressions  were  obtained,  E(3)a  and  E(3)b  in  terms  of  con¬ 
stants  and  gram-atoms  per  gram  of  elements. 

Table  V 

THERMOCHEMICAL  DATA  FOR  SELECTED  SUBSTANCES 

s^mole  AE,  Kcal/mole 

)C  0  -3ooo°  y 

]hu2>^/ 

l8t,0C/ 

®  Reference  { 13) 

^Refeieaee  (5) 

s-oiimaSc 

E(4)  is  the  energy  to  heat  all  the  products  from  0°  to 
2500°  Sc  E(^)  equations  were  obtained  for  the  two  cases  in  a 
manner  quite  similar  to  that  for  E(3)  from  the  equation: 

EX 4)  *  (netljj  q  +  (na)j^  ♦  (ra^Q  «•  g  ♦  (na^gn  ♦  (na^ 

2  $  2  2  2 


K(crys)  5  65^ 


where  the  a's  ere  the  energy  to  heat  the  respective  products 
from  0°  to  2:500°  K0  Thus  E(4)a  and  E(4)'°  expressions  were  ob¬ 
tained. 


and 


According  to  Hirschfelder  and  Sherman^ 
E(3)  "  0  772X3) *  *0  23E*3;b 

EU)  «=  0  7?E{4)“  *  C  23E(4)! 


and  thus 

E*S)  -  E{4)  -  0  77{E{3}e  EX4)*}  *  O  WM#*  EU)*) 


A  expression  vre.s  derived  from  this  for  E(3)  —  E(4)  .in  terms  of 
constants  and  the  gram-atoms  per  gran  of  elements.  A  similar 
2(3)  ~  E(4)  expression  was  obtained  for  the  CHON  system  alone, 
and  this  expression  was  subtracted  from  that  for  the  CHON  plus 
potassium  sulfate  to  give  •  1  expression  for  the  potassium  sul¬ 
fate  alone.  Thus  the  expression: 


(Etf)  E«i));  -  7712^0  {  Sj  *  .27K7)*hs  * 

33K&C0  v  S.^c;  *  fCi^KOH 
was  obtained,  where  $  «  AEf^o  ^  ^2500°  0°  K 

for  the  -various  products.  Substituting  the  numerical  values 
^ve: 

,  EX 3)  -  FX4)}  *  12034BS,, 

»  650  6  cal/gf ’in 


cctniwcdag  ■=  EXl)  «■  A  EX3)  ■  EX 43  gave 

E  ®  1226  5  cei/gxm 
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CC 


jiirry  -  f«»  ij  [i  vU.-*  £  ;  > 

’  J  \i  ;  M*f  i  *S  1  si 
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Calculation  of  ^jt 

An  expression  for  Cy^  was  obtained  from 
CV  ‘’(*tC,hltO  *  (aCr>COt  ♦<"C»>C0  ♦  ♦<bC*>koh  *<bC^ns 

together  with  the  same  concentration  expressions  and  the  two 
extreme  cases:  (a)  no  carbon  dioxide  and  v'b)  no  water.,  Ex~ 
pressions  were  obtained,  for  Cva  and  Cy*3  for  both  the  CHONKS 
and  CHON  systems  and  the  difference  was  obtained.  Both  C^ 
and  Cv°  were  given  equal  weight  in  ootaining  the  final  ex¬ 
pression,,  i0a.p 

C  -V»lC/*0 

i 

The  resultant  equation  was: 

C  -474925, 

* 

K  0  27079  cal/dig-'grara 

Calculation  of  np: 

On  the  basis  of  the  reaction  that  was  assumed  between 
potassium  sulfate  and  hydrogen,  it  was  seen  that  the  net  ef¬ 
fect  was  the  consumption  of  1  mole  of  gas  rather  tnan  t 
furnishing  of  gas  .  Thus  the  value  of  np  had  to  be  negative, 
and 

n.  =  ~S 

•fi  ft 

»  *.,{305738  tnci  ys/  gyms 


APPENDIX  B 


CONVENTIONS  U^IED  AT  NPF  FOR  THE  ESTIMATION  OF  THE  COMPOSITION 

OF  TOTAL  VOLATILES  IN  CONVENTIONAL  GUN  PROPELLANTS 
USING  ETHER-ALCOHOL  SOLVENT 

Low  Total  Volatiles 

When  total  volatiles  are  0o?fi  or  le38,  the  volatiles  are 
considered  to  be  only  water.  This  convention  covers  most 
nitroguanidine  arid  most  RDX  powders  that  are  solvent  extruded. 

High  Total  Volatiles 

When  the  propellant  has  a  hi^i  total-volatile  content, 
the  volatiles  are  considered  to  consist  of  0„7#  water,  and  the 
remainder  is  considered  to  be  ethyl  alcohol.  This  convention 
covers  single-  and  double-base  solvent-extruded  powders. 
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